We demonstrate for the first time high Q photonic nanocavities operating inside single biological cells. We show in vitro protein detection with our tool as a route towards real-time label-free sensing in an intracellular environment. Single-cell interrogation at the nanoscale can take on many forms such as pillars, tubes, and wires. However, optical probes such as nanowires [1] or tapered fibers [2] are passive in nature and have only served as conduits to guide light into and out of a cell. Here we demonstrate a nanobeam photonic crystal (PC) cavity as an advanced cellular nanoprobe, active in nature, and configurable to provide a multitude of actions for both intracellular sensing and control. Our semiconductor nanocavity probes emit photoluminescence (PL) from embedded quantum dots (QD) and sustain high quality resonant photonic modes inside cells. The beams can be loaded in cells and tracked for days at a time, with cells undergoing regular division with the beams.
Single-cell interrogation at the nanoscale can take on many forms such as pillars, tubes, and wires. However, optical probes such as nanowires [1] or tapered fibers [2] are passive in nature and have only served as conduits to guide light into and out of a cell. Here we demonstrate a nanobeam photonic crystal (PC) cavity as an advanced cellular nanoprobe, active in nature, and configurable to provide a multitude of actions for both intracellular sensing and control. Our semiconductor nanocavity probes emit photoluminescence (PL) from embedded quantum dots (QD) and sustain high quality resonant photonic modes inside cells. The beams can be loaded in cells and tracked for days at a time, with cells undergoing regular division with the beams.
Previously we have demonstrated an epoxy-based technique to transfer large semiconductor templates of active material to the tips of optical fibers [3, 4] . Here, by changing our device design to incorporate a "bayonet-like" semiconductor template that tapers down into a nanobeam photonic crystal cavity, we are able to create a new tool for probing single biological cells. The overall device structure consists of a semiconductor membrane epoxy bonded to the edge of a multimode optical fiber as shown in Figs. 1(a,b) . Nanobeam templates were fabricated out of a thin (220 nm) membrane of gallium arsenide containing three layers of high-density indium arsenide quantum dots. Once constructed, the probes can be mounted to a three-axis micropositioner for careful insertion of nanobeams into biological cells. Having demonstrated that we can insert our nanocavities into live cancer cells in culture, we next investigate their optical properties. Figure 2 (b) shows a spectrum of a cavity in air prior to cell insertion, showing the fundamental mode resonance at 1,319 nm with a Q factor of 1,900, limited by fabrication imperfections. Figure 2 (d) displays the nanocavity spectra when the probe is placed in a single cell, showing for the first time an active optical resonator in such a biological environment. Aside from a large redshift (26 nm) from the greater refractive index environment of the cell, we see that the cavity mode persists and actually increased in Q value to 2,000, likely due to reduced absorption by QDs at longer wavelengths. In addition to poking cells, we have developed a method to 'load' cells with entire beam subunits which are cleaved from the original template handle. Even under such extraordinary conditions we find that the cells can remain viable and over the course of a week perform normal cellular functions such as migration and division. The implications of this result extend beyond this study and show that mesoscopic probes, photonic or otherwise, can potentially be incorporated in cells for monitoring intracellular activity over a long period of time, providing sensor feedback or sending control signals. Finally, we present in vitro protein sensing results for the well-studied system of Streptavidin (SA)-biotin binding using our nanoprobes. For our surface functionalization chemistry, we begin by depositing 2 nm of silica on top of our original nanolaminate using atomic layer deposition (ALD), and then proceed with the standard sequence of aminosilanization, biotinylation, and protein adsorption. We then apply our chemistry and sensing experiment to probe devices and see a large wavelength shift of 2.9 nm for the specific binding case and a much smaller 0.5 nm redshift for the non-specific binding scenario. Therefore we have shown that our nanoprobes can be used to detect proteins remotely through optical readout. By adapting the chemistry and combining the method of cellular insertion it will now be possible to perform many kinds of label-free sensing experiments inside living cells.
